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FOREWORD

The work reported herein was done at the request of the Air Force
Aero-Propulsion Laboratory (APL), Research and Technology Division
(RTD), Air Force Systems Command (AFSC), Wright-Patterson Air
Force Base, Ohio under Program Element 62405214, Procject 8170,

The expandable, self-rigidizing structures tested for APL were
designed and fabricated by GCA Viron Division, division of GCA Corpo-
ration, Minneapolis, Minnesota, under Contract AF33(615)-2115.

The results of tests presented were obtained by ARO, Inc. (a sub-
sidiary of Sverdrup and Parcel, Inc.), contract operator of the Arnold
Fngineering Development Center (AEDC), AFSC, Arnold Air Force
Station, Tennessee under Contract AF40(600)-1200. The tests were
conducted from July 14 to August 19, 1965 under ARO Project No, ST0520,
and the manuscript was submitted for publication on November 18, 19635,

This technical report has been reviewed and is approved.

William D. Clement Jean A, Jack

Major, USAF Colonel, USAF
AF Representative, AEF DCS/Test

DCS/Test

ii



AEDC-TR-65-264

ABSTRACT

Four expandable, self-rigidizing structures were impregnated with
a water setting resin and packaged for deployment in a vacuum of
109 torr while exposed to 77°K cold walls in a space environmental
chamber. The high pumping speeds available with this chamber per-
mitted the removal of the large gas loads from the structure while
maintaining test pressures of 109 torr. Water was used as a catalyst,
and infrared heat lamps were used to maintain temperature control of
the strictures. Deployment was completely successful on three struc-
tures and partially successful on one. Rigidization of all four structures
was successful.
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SECTION |
INTRODUCTION

Expandable structures are an important part of the manned space
program, 1 All variations of this concept are characterized by a
packaged structure many times smaller than its deployed configuration.

This report covers the testing of inflatable, self-rigidizing struc-
tures which are characterized by a fabric substrate. The fabric is
woven or assembled into a sandwich construction, impregnated with
resin, and packaged for deployment. Four 1/6-scale model Manned
Orbiting Laboratory (MOL)}-type structures were tested for GCA Viron
Division, a division of GCA Corporation, in the Aercspace Research
Chamber (ARC) (12V), Aerospace Environmental Facility (AEF),
AEDC. The test objective was to determine if the models would deploy
and rigidize in a simulated space environment and to record the deploy-
ment and rigidization with motion photography.

SECTION I
APPARATUS

2.1 TEST CHAMBER

The ARC (12V) (Fig. 1) is a stainless steel space simulation chamber
12 ft in diameter and 14 ft in height, The chamber is completely lined
with a liquid-nitrogen-cooled liner which provides a 77°K black heat sink.
The chamber pumping system consists of a 500-cfm roughing pump,
140-cfmm mechanical fore pump, 32-in, oil diffusion pump and valve, and
120 ft2 of 20°K cryosurface. Chamber pumping speeds for various gases
are shown in Fig. 2. Ultimate pressure of this chamber is 10-9 torr,

The chamber is equipped with 16 channels of heat flux equipment
which can be programmed to simulate heat loads on a vehicle surface for
desired test orbits and trajectories. A solar simulator is now being
built which will produce a uniform intensity over an 8-ft-diam area,

1" perospace Expandable Structures Conference Transactions,
Air Force Aero-Propulsion Laboratory (AD432006), October 23-24,
1963, Dayton, Ohio.



AEDC-TR-65-264

2.2 SCALE MODEL MOL-TYPE STRUCTURE

The test structure in both the packaged and deployed positions is
shown in Fig. 3. The model consists of two epoxy domed halves 10 in.
deep and 20 in. in diameter joined by a fabric substrate center section.
The halves are sealed with an O-ring and held together by a spring-
loaded clamp with an explosive bolt, The deployed model is 20 in. in
diameter, and the center fabric between the domed halves is 38 in. in
length. The center section consists of an inside bladder made of 9-0z/yd?2
urethane- coated nylon fabric. Adjacent to the bladder is a 1/4-in. layer
of 6-1b/ft3 closed-cell vinyl foam. Adjacent to the vinyl foam layer is a
fiber glass fabric (9-o0z/yd2) of sandwich-type construction, The outer
covering was 3-mil Mylar® on Models 1 and 2 and 6-mil polyethylene on
Models 3 and 4. An adhesive was used to bond the fabrics together and
to the epoxy bulkheads.

The fiber glass sandwich section was impregnated with a resin which
was activated by a catalyzing vapor (H20). Figure 4 shows the catalyst
container mounted on top of the domed half of the model. Two solenoid
valves are used to control the catalyst flow to the fiber glass fabric sand-
wich section. A heater was used to maintain the proper catalyst tem-
perature (approximately 80°F).

2.3 TEST CONFIGURATION

The test setup (Figs. 4 and 5) shows the model mounted in a cage in
the test chamber. The strain-gage-type load cell which was used to
measure the vehicle weight was located at the top of the cage (Fig. 4).
This cage was used to support the heat flux lamps (quartz envelope
tungsten filament lamps), which were used to maintain the proper tem-
perature on the model surface. The front surfaced mirrors shown in
Fig. 5 permitted visual monitoring of the back side of the test model.

2.4 INSTRUMENTATION

Chamber pressure was monitored with an alphatron and two ioniza-
tion gages. Copper-constantan thermocouples were used to monitor the
LNy liner temperature. The power input in the heat flux lamps was
measured by standard a-c voltmeters and ammeters. Variable trans-
formers were used to change the ocutput level of the lamps, A total
radiation thermopile detector was used to determine the output level
from the heat flux lamps. A strain-gage-type load cell was used to
monitor the weight of the test model, A 25-channel data logger system
and strip chart recorders were used to record all test data. A camera
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located outside a chamber port was used to obtain permanent motion-
picture coverage of the deployment and rigidization. A closed-circuit
television located inside the chamber was used to moniter the deploy-
ment of Model 4.

SECTION 1lI
PROCEDURE

3.1 PRE-TEST PREPARATION

Reflectance measurements were made on a sample of model surface
material over the wavelength range from 0.3 to 7 microns. These meas-
urements were then used in conjunction with the output of the heat flux
lamp (0.3 to 7 microns) to determine what output would be required from
the lamps to produce the desired temperature on the model surface. The
lamps were then spaced around the vehicle surface to give the desired
distribution and output. The tfotal radiation detector was used during the
test to monitor the lamp outputs, which were used to calculate the model
surface temperature,

3.2 PREPARATION OF TEST MODEL

The deployed model before being prepared for the test is shown in
Fig. 3. The outer Mylar or polyethylene covering was used to seal the
fiber glass section from the water vapor in the atmosphere. That section
was purged with dry nitrogen prior to impregnation, A vacuum pump was
attached to this section and the seciion pumped to a low pressure to help
impregnate the fiber glass of the model with resin (Fig. 6). After the
impregnation was completed, the model was packaged (Fig. T), sealed
with the spring-loaded clamp and explosgive bolt, and suspended in the
test chamber as shown in Fig. 8.

3.3 TEST PROCEDURE

The ARC (12V) was evacuated to 10-5 or 10-6 torr, depending on the
outgassing load from the test model., After the chamber pressure stabi-
lized, the heat flux lamps were energized, the motion-picture camera
was started, and 2 sec later the explosive bolt was fired to initiate deploy-
ment (time = 0) of the test model. Figure 9 shows the model partially
deployed. Approximately 10 min were allowed for the chamber pressure
to recover from the deployment. Then the model was pressurized with
COg (2 to 12 torr) to obtain the desired shape. The COy was used instead
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of air because it is easily pumped with a 77°K cryopump. The model is
shown deployed and properly shaped in Fig., 10. After the model was
shaped the flow of the catalyst (H2O) was started for rigidization., The
heat flux lamps maintained the model surface temperature above 65°F
during rigidization,

SECTION (v
RESULTS AND DISCUSSION

4.1 RESULTS

The test data obtained from these tests consisted of motion pictures
of the deployment and rigidization, chamber pressure, model weight
loss, and surface temperature. Model 1 was shaped by using atmospheric
air, whereas carbon dioxide was used to shape Models 2, 3, and 4.

4.1.1 Model {

The motion-picture coverage of the first test did not adequately show
the top of the model because of insufficient lighting. In this test, the
model did not deploy properly. Figure 11 shows the chamber pressure
during the test of Model 1. After a chamber pressure of 10-3 torr was
achieved, the model was deployed. The catalyst was started at 26 min
to rigidize the test model. The chamber pressure continued to decrease
until the atmospheric air which was used to shape the model was vented
into the chamber at 47 min, Thirty minutes pumping time was required
for the chamber pressure to recover from this 77°K noncondensable gas
load. As a result, the remaining three models were shaped with COs3.

Figure 12 shows that the model weight had started to decrease prior
to deployment, This may have been caused by excess model temperature
before deployment, Sixteen minutes prior to deployment, power to lamps
was increased to establish a higher curing temperature.

. Figure 13 shows the model temperature before and after deployment.
The average temperature of a model surface is indicated by the solid
lines shown on the temperature curves. The maximum line is the highest
temperature located around the centerline of the model, and the minimum
line is the temperature on the edge of the fiber glass section which joins
the domed halves. The rigidized model is shown in Fig. 14,

4.1.2 Model 2

Additional lighting was added for this test, and the motion-picture
coverage was adequate. A chamber pressure of 9 x 10-6 torr was

4
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achieved prior to deployment (Fig. 15). The model was successfully
deployed, and the weight decreased as expected (Fig. 16). The leads
from the explosive bolts shorted out the heat lamps and the circuitry
used to operate the solenoid valves which release the catalyst. This
resulted in a delay of approximately 1 hr and the decrease in model
temperature shown in Fig. 17. This also resulted in a lower chamber
pressure (Fig. 15) since additional time was available to pump prior

to introducing the catalyst. The lamps were energized again at 51 min,
and the catalyst was started at 55 min and completed at 124 min. Lamp
power was reduced at 99 min and turned off at 149 min (Fig. 17). The
rigidized model is shown in Fig. 18.

4.1.3 Model 3

Deployment and rigidization were successful, as can be seen in Figs. 9
and 10 taken from the motion pictures. Motion-picture coverage for this
test was very good. A chamber pressure of 4 x 10-6 torr (Fig. 18) was
attained prior to deployment, and pressures in the low 10-9 torr region
were maintained during the time the model was being rigidized. The
heat lamps were energized 2 min prior to deployment. These points can
be seen on Fig. 19 as well as the pressure surges caused by the catalyst.
The test model weight loss (Fig. 20) was as expected. The model sur-
face was maintained at a higher temperature (Fig. 21) during this test,
and this tended to speed up rigidization. At 74 min, power to the lamps
was reduced, resulting in the temperature decrease shown., Figure 22
shows Models 3 and 4 after rigidization,

4.1.4 Model 4

The motion-picture coverage for this test was good, and the deploy-
ment and rigidization were successful. The chamber pressure was
10-9 torr (Fig. 23) prior to deployment. This was not as low as the
pressure attained with Model 3. This was probkably because of the excess
resin used on this model. Figure 5 shows large amounts of excess resin
foam coming from the model. The total weight loss (Fig. 24) was approxi-
mately 20 percent more than for Model 3, A stable model surface tem-
perature (Fig. 25) was maintained throughout the rigidization.

4.2 DISCUSSION
4.2.1 Model Deployment

The deployment of Models 2, 3, and 4 was successful. As soon as
the explosive bolt was fired to release the spring-loaded clamp, the
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model immediately dropped to its fully expanded length, Model 1 did
not deploy properly. When the clamp was released, the model did not
drop but had to be forced down with air pressure. Indications were
that rigidization had started before the model was deployed, This may
have been caused by excess heat on the model prior to deployment.

In addition, chamber pumping difficulties resulted in a pumpdown time
of approximately 3.3 hr, which was 1 hr longer than the pumpdown
time required for Models 2, 3, and 4.

4.2.2 Rigidization of Model

Although no structural strength tests were conducted on the models
they were checked for rigidization. FEach model was well hardened and
very rigid.

4.2.3 Model Weight Loss

Model weight should remain constant prior to deployment and drop
sharply during deployment. The weight should continue to decrease
during rigidization as portions of the catalyst vaporiZe and the resin
outgasses, Models 2, 3, and 4 lost weight as expected. They showed
a drop during deployment as the entrapped excess resin and gases were
allowed to escape. They continued to lose weight during rigidization
as the catalyst was used and the resin cured. Model 1 started to lose
weight prior to deployment and did not show a drop during deployment.
Indications were that the model temperature prior to deployment was
high enough to cause the resin to start to cure before deployment. The
weight loss rate during rigidization decreased as the catalyst was used
and resin continued to cure,

4.2.4 Chomber Pressute

Chamber pressures maintained throughout the tests were satisfactory
considering the large gas loads (mainly HO vapor) which had to be
removed. Figure 12 shows that approximately 8.5 lb of resin (70-percent
butyl acetate and 30-percent dichloroethene) and 8. 1 1b of catalyst (H20)
were added to the test models. Approximately 4.0 1b of the catalyst was
used during the 1-hr rigidization time required to cure the resin. Gas
loads {H9©O) in the range from 102 to 104 atm cc/sec were removed
{Fig. 2) in order to maintain the chamber pressures shown in Figs. 11,
15, 19, and 23.
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4.2.5 Heot Flux System

It was necessary to use the chamber heat flux system to maintain
the model surface temperature above 65°F so that the resin would cure
and rigidization would occur. The heat flux system is capable of pro-
ducing a wide range of model surface temperatures, The higher curing
temperatures (110 to 120°F) desired to accelerate the curing process
were easily attained in those tests.

SECTION V
CONCLUSIONS

Deployment and rigidization of Models 2, 3, and 4 in a simulated
space envircnment of 1072 to 10-6 torr and 77K surroundings were
successful., Deployment of Model 1 was not as desired, but rigidization
was successful.

The heat flux system provided an effective and convenient means to
maintain the model surface temperature at a level necessary for the
successful curing of the resin,
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Fig. 3 Packaged and Deployed 1/6-Scale Model, MOL Type
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Fig. 4 Model 2 Mounted on Load Cell
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Fig. 6 Model 3 Resin Impregnation
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Fig. 8 Packaged Model in Test Chomber
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Fig. 9 Model 3 Partially Deployed
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Fig. 10 Model 3 Completely Deployed
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Fig. 14 Model 1 after Rigidization
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Fig. 18 Model 2 after Rigidization
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